Synaptic differentiation results from an exchange of informational molecules between synaptic partners during development. At the vertebrate neuromuscular junction, agrin is one molecule presented by the presynaptic motor neuron that plays an instructive role in postsynaptic differentiation of the muscle cell, most notably in aggregation of acetylcholine receptors (AChRs). Although agrin is the best-characterized synaptogenic molecule, its mechanism of action remains uncertain, but clearly, it requires the receptor tyrosine kinase MuSK (muscle-specific kinase), the intracellular protein rapsyn, an Src-like kinase, and cytoskeletal components. In addition, the transmembrane protein dystroglycan interacts with the cytoskeleton and is implicated in agrin responsiveness. This ␣-␤ heterodimer can bind agrin via its extracellular ␣ subunit and associates with the membrane cytoskeleton via its ␤ subunit. In this study, we demonstrate that overexpression of the ␤ subunit of dystroglycan in cultured muscle cells inhibits agrin-induced AChR clustering. Deletion analysis and point mutagenesis demonstrate that the inhibition is mediated by an intracellular, juxtamembrane region composed of basic amino acids. Finally, the inhibition mediated by ␤-dystroglycan extends to the minimal agrin fragment required for AChR clustering, suggesting that dystroglycan plays an important role in postsynaptic differentiation in response to agrin.
Introduction
Synapses represent extreme examples of spatially localized subcellular differentiation. Their extracellular, transmembrane, and cytosolic components are organized in precise registration between presynaptic and postsynaptic cells to enable, respectively, efficient release and response to neurotransmitters. The events underlying synapse formation are best characterized for the neuromuscular junction (NMJ) at which localized information exchange between synaptic partners drives structural differentiation of presynaptic and postsynaptic elements (Sanes and Lichtman, 2001 ). The nerve-derived information is best understood and includes agrin, the heparan sulfate proteoglycan. Neuron-specific isoforms of agrin are synthesized and released by motor neurons, and recombinant agrin can induce the aggregation of acetylcholine receptors (AChRs) when applied to cultured muscle cells or when expressed at nonsynaptic sites in vivo (Sanes and Lichtman, 2001) . Furthermore, mice with a deletion of the neural agrin isoforms fail to form NMJs (Burgess et al., 1999) . Thus, secreted neural isoforms of agrin are deposited into the extracellular matrix (ECM) during development and induce differentiation of the postsynaptic apparatus, as originally proposed by McMahan (1990) . However, the postsynaptic events that mediate the response to agrin remain to be elucidated.
Two muscle cell proteins are required for agrin responsiveness: the receptor tyrosine kinase MuSK (muscle-specific kinase) (DeChiara et al., 1996) , which is part of an agrin receptor complex, and the cytosolic protein rapsyn (Gautam et al., 1995) , which has been genetically placed between activation of MuSK and clustering of postsynaptic molecules (Gautam et al., 1999) . Although MuSK activation is necessary, it is not sufficient for agrin-mediated differentiation Glass et al., 1997 ; but see Sander et al., 2001) , and several candidate cytosolic mediators have been implicated in downstream signaling, including nitric oxide (Jones and Werle, 2000; Luck et al., 2000) , calcium (Megeath and Fallon, 1998) , small GTP-binding proteins (Weston et al., 2000) , and an Src family tyrosine kinase (Fuhrer et al., 1997) . The soluble kinase phosphorylates substrates that are required for aggregation of postsynaptic proteins, including MuSK (Mohamed et al., 2001 ) and the AChR itself (Qu and Huganir, 1994; Wallace, 1995; Ferns et al., 1996) . Tyrosinephosphorylated AChRs have enhanced association with the membrane cytoskeleton (Borges and Ferns, 2001 ) and restricted mobility, suggesting that agrin-stimulated phosphorylation can alter the interactions between AChRs and the postsynaptic membrane cytoskeleton. In addition, studies are consistent with agrin acting by organizing the synaptic cytoskeleton through activities of the small GTPases Cdc42 and Rac, at least in part (Weston et al., 2000) , and the polymerization of actin (Dai et al., 2000) . Membrane cytoskeleton components at the NMJ include the dystrophin family proteins dystrophin and utrophin, which are present, respectively, at the troughs and crests of the postsynaptic junctional folds (Byers et al., 1991; Bewick et al., 1992) . These proteins are components of the dystrophin glycoprotein complex (DCG)/utrophin glycoprotein complex (UGC) that also includes the dystroglycans, sarcoglycans, syntrophins, and dystrobrevins (Henry and Campbell, 1999) . Dystroglycan is a transmembrane ␣-␤ heterodimer capable of binding ECM proteins (including laminin, perlecan, and agrin) via its extracellular ␣ subunit and dystrophin/utrophin via its ␤ subunit. Because dystrophin and utrophin interact directly with actin, the DGC/UGC can serve as a link between the cytoplasmic actin cytoskeleton and the ECM.
Direct binding of dystroglycan to agrin suggests that dystroglycan plays a role in agrin-induced postsynaptic differentiation (Campanelli et al., 1991; Gee et al., 1994; Sugiyama et al., 1994 ), a notion supported by studies in vivo and in vitro. First, dystroglycanϪ/Ϫ chimeric animals are deficient in NMJ synaptogenesis (Cote et al., 1999) , and overexpression of dystroglycan decreases AChR accumulation at synaptic sites in developing Xenopus muscle (Heathcote et al., 2000) . Second, in cultured muscle cells, antibodies against ␣-dystroglycan interfere with agrin-induced AChR cluster consolidation (Campanelli et al., 1994) , antisense dystroglycan oligonucleotides inhibit agrin activity (Jacobson et al., 1998) , and dystroglycanϪ/Ϫ myotubes form only immature AChR clusters in response to agrin stimulation (Grady et al., 2000) . Together, these results are consistent with a role for dystroglycan in agrin-mediated AChR cluster formation, but the studies have not defined its mechanism of action.
In this study, we sought to define regions of ␤-dystroglycan that are functionally involved in agrin-induced postsynaptic differentiation. Our results demonstrate a dominant-negative effect of truncated dystroglycan expression on agrin-induced AChR clustering in cultured muscle cells, and localize an inhibitory activity to the cytoplasmic juxtamembrane domain of dystroglycan. The data suggest, importantly, that the basic mechanism of agrininduced clustering involves dystroglycan.
Materials and Methods
Dystroglycan and CD8 constructs. Hemagglutinin (HA) epitope-tagged ␤-dystroglycan has been described previously (Chung and Campanelli, 1999) . Truncated dystroglycan forms (DG⌬P, DGtmO, DGtmI, and DGtm) and CD8tm mutants were amplified by PCR using oligonucleotide pairs (listed in Table 1) as follows: DG⌬P, DG5 plus DG⌬P3; DGtmO, DG5 plus tmO3; DGtmI, tmI5 plus DG3; DGtm, tmI5 plus tm3; CD8tm, CD85 plus CD83. All PCR products were ligated in-frame with the prolactin signal sequence and HA epitope as described for the ␤-dystroglycan construct (Chung and Campanelli, 1999) . CD8tm was amplified from pBSCD8-GFP (Lee and Luo, 1999) . CD8tmJ and CD8tmDGJ were created by ligating KSCD8tm (digested with NdeI and XbaI) with the appropriate complementary oligonucleotides (Table 1; CD8J5 plus CD8J3 or DGJ5 plus DGJ3, respectively). CD8tmDGJK was created from KSCD8tmDGJ (digested with NdeI and XbaI) with the oligonucleotides DGJK5 and DGJK3. CD8tmDGJ2RA, CD8tmDGJ3KA, and CD8tmDGJCYSF were created by ligating KSCD8tmJ (digested with NdeI and XbaI) with the appropriate complementary oligonucleotides (Table 1; 2RA3 plus 2RA5, 3KA3 plus 3KA5, or CYSF3 plus CYSF5) . Constructs were moved into the pCMV expression vector using ClaI and XbaI. DGtmJ was obtained by a triple ligation of KSDGtmI digested with ClaI and PvuII (N terminus), KSDGtmO digested with PvuII and XbaI (C terminus), and pCMV digested with ClaI and XbaI. All subcloned constructs were sequenced (University of Illinois Biotechnology Center) to verify accurate PCR amplification and oligonucleotide synthesis. Schematics of mutant proteins are shown in Figure 1 A (also see Fig. 8A ). CD8tmDGJ2RA ( 8), and CD8tmDGJCYSF ( 9) . All of the ␤-dystroglycan constructs and CD8 constructs had similar levels of expression as determined by Western blotting. Samples were separated by 16% SDS-PAGE. Arrows indicate weight standards (ϫ10 3 ): 6, 3. DG5  CCGGGGCATGCAGTCTATTGTG  DG3  GAGCCTTCTCTTCCTGCAG  TMI5  GACATGATAGCATGCGGAGCAGTGAGGATGACG  TMO3  GGTCAGTCTAGATTAGCCCTCCT  CD85  GAAGGGGAGCATGCTGGACTTC  CD83  TTCGGCTCTAGATTACTTGCGGTAGCATATGAGAG  DGJ5  TATGCTATAGAAAGAAGAGGAAGGGCTAAT  DGJ3  CTAGATTAGCCCTTCCTCTTCTTTCTATAGCA  CD8J5  TATGCTACCATCGATCGCGAAAGCGTTAAT  CD8J3  CTAGATTAACGCTTTCGCGATCGATGGTAGCA  DG⌬P3  TCATGTTTCTAGATTAGGGACGGGA  DGJK5  TATGCTATAGAAAGAAGAGGAAGGGCAAATAA  DGJK3  CTAGTTATTTGCCCTTCCTCTTCTTTCTATAGCA  CYSF5  TAAGCTTTAGAAAGAAGAGGAAGGGCAAATAAT  CYSF3  CTAGATTATTTGCCCTTCCTCTTCTTTCTAAAGCT  3KA5  TATGCTATAGAGCTGCAAGGGCTGGCAAAATGAT  3KA3  CTAGATCATTTTGCCAGCCCTTGCAGCTCTATAGCA  2RA5  TATGCTATGCCAAGAAGGCAAAGGGCAAATAGAT  2RA3 TAGATCTATTTGCCCTTTGCCTTCTTGGCATAGCA COS cell transfection, immunostaining, and Western blotting. Purified pCMV plasmids (dystroglycan, CD8, and agrin variants) were transfected into COS cells as described previously (Cornish et al., 1999) . Sham indicates a transfection with no DNA. Agrin used for C2 myotube stimulation [N2(4,8) or G3(8)] was collected, assayed, and applied at the indicated concentrations as conditioned medium diluted into fusion medium (Cornish et al., 1999) . For immunofluorescence analysis, COS cells transfected in 12 well plates were replated onto coverslips at 12 hr after transfection and stained at 48 hr after transfection. Anti-HA immunostaining was performed on live cells at 4°C. Coverslips were rinsed with chilled growth medium, incubated at 4°C with mouse anti-HA.11 antibody (1:500; Covance, Richmond, CA) for 30 min, washed once with chilled growth medium and once with chilled PBS, and incubated for 20 min at 25°C with chilled fixative (4% paraformaldehyde, 4% sucrose in PBS). Cells were subsequently blocked, incubated with FITC-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA), and mounted for visualization. For Western blot analysis of dystroglycan and CD8 variants, COS cells were released from tissue culture dishes by divalent cation chelation in buffered saline and pelleted; whole-cell pellets were resuspended in SDS-PAGE loading buffer with 5% ␤-mercaptoethanol. Whole-cell lysates were separated by the indicated gel system [10, 12, or 16% SDS-PAGE (Laemmli, 1970) ] and transferred to polyvinylidene fluoride membrane (Micron Sciences, Westborough, MA). Membranes were probed with anti-HA.11 and visualized with horseradish peroxidase-conjugated secondary antibodies (Zymed, South San Francisco, CA) and enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) as described previously (Cornish et al., 1999) . For control Western blots in Figure 2 , COS cells in 12 well dishes were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Whole-cell pellets were prepared as described above, and equal percentages of each transfection were analyzed by Western blotting.
C2-C12 cell culture, transfection, and clustering assay. C2-C12 myoblasts (4.3 ϫ 10 5 ) were plated on nitric acid-washed 22 mm round coverslips (Fisher Scientific, Hanover Park, IL) coated with 0.1% gelatin followed by 2 g/ml mouse collagen IV (Invitrogen). Cells were cultured until confluence in growth medium and subsequently maintained in fusion medium (Cornish et al., 1999) . Forty-eight hours after myoblast fusion, cells were transfected with the Helios Gene Gun according to the manufacturer's instructions (Bio-Rad, Hercules, CA). After a 24 hr recovery period, cells were incubated for an additional 5 or 16 hr (as indicated) with recombinant soluble agrin. Cells were subsequently fixed in 2.5% paraformaldehyde for 15 min at room temperature and stained for either anti-HA or anti-␣5-integrin followed by AChR labeling: HA.11, 1:1000; CD49e, 1:200 (PharMingen, San Diego, CA); fluorescein-conjugated goat anti-mouse, 1:200 (ICN Biomedicals, Costa Mesa, CA); or 83 nM Texas Red-␣-bungarotoxin (Molecular Probes, Eugene, OR) without permeabilization (Cornish et al., 1999) . For cell-surface-staining control experiments, C2 myotubes were transfected as above, fixed with paraformaldehyde, and stained with either anti-dystroglycan C-terminus antibody (43DAG1, 1:500; Novocastra, Newcastle on Tyne, UK), anti-light meromyosin, or anti-Ca 2ϩ -ATPase (MF20 or CaF2-5D2, 1:50 and 1:20, respectively; Developmental Studies Hybridoma Bank, Iowa City, IA). Images were acquired using a Zeiss (Thornwood, NY) Axioplan epifluorescence microscope (100 W HBO burner, 40ϫ oil immersion objective; numerical aperture, 1.3; Plan Neofluar), a Photometrics Sensys CCD, and IP Lab software (Scanalytics, Fairfax, VA). Quantification of AChR clusters induced by agrin was performed in a blind manner. Anti-HA-reactive myotubes Ͼ200 m in length and 10 m in width were identified using fluorescein optics. On HA-positive myotubes, clusters of AChR Ͼ1 m in their longest dimension were then counted manually using Texas Red optics. The average number of clusters per myotube segment was calcu- lated for each coverslip (5-15 myotubes per coverslip), and n is the total number of coverslips (derived from at least three independent transfections). Microcluster analysis (Fig. 3 ) was performed as described above with an additional tally of AChR puncta Ͻ1 m recorded for each myotube segment analyzed. For cell-surface anti-HA fluorescence quantification, digital images of myotubes were normalized, the area and total fluorescence (arbitrary units) were then recorded for each immunopositive myotube, and the average fluorescence per pixel was calculated with IP Lab software. Data were analyzed by Student's t test.
Results
Dystroglycan is synthesized as a precursor protein that is subsequently cleaved into ␣ and ␤ subunits (Ibraghimov-Beskrovnaya et al., 1992) . To assess the functional contribution of ␤-dystroglycan to the agrin responsiveness of muscle cells, we first determined whether ␤-dystroglycan could be expressed in the absence of the ␣ subunit. The results of expressing ␤-dystroglycan in COS cells are shown in Figure 4 , and demonstrate synthesis of the appropriate size protein (Fig. 4D ) that is present at the plasma membrane (Fig. 4B) .
Dystroglycan colocalizes with agrin-induced AChR aggregates; binds ECM ligands via ␣-dystroglycan; and binds cytosolic proteins including dystrophin (Blake et al., 2002) , utrophin (James et al., 2000) , rapsyn (Cartaud et al., 1998) , Grb2 Cavaldesi et al., 1999; Russo et al., 2000) , and caveolin (Sotgia et al., 2000) via cytoplasmic sequences of ␤-dystroglycan. We hypothesized that dystroglycan function involves coordinate binding of extracellular and intracellular partners, and that overexpression of only the ␤ subunit would allow for cytoplasmic interactions but lack binding to extracellular ligands and therefore block function. To evaluate this, C2 myotubes were transfected with ␤-dystroglycan and challenged with agrin N2(4,8) for 16 hr to induce clustering of AChRs (see Materials and Methods). As shown in Figure 5 , expression of ␤-dystroglycan resulted in a decrease in agrin-induced AChR clustering (Fig. 5B,D,G ). In contrast, expression of soluble green fluorescent protein (GFP), a CD8GFP fusion protein, or an HA-tagged CD8 transmembrane domain (CD8tm; Fig. 5E -G, data not shown) had no effect on agrin responsiveness.
These results suggest that muscle-cell responsiveness to agrin can be abrogated by expression of ␤-dystroglycan. However, because recent evidence suggests that dystroglycan associates with AChRs in post-Golgi vesicles and that these proteins are cotransported to the plasma membrane (Marchand et al., 2001 ), one possibility is that inhibition reflects alterations in cell-surface delivery of these vesicles. Another possibility is that ␤-dystroglycan overexpression alters membrane protein distribution in a nonspecific manner. The following experiments were performed to address these possibilities. First, we evaluated the effects of ␤-dystroglycan overexpression on the distribution of cell-surface ␣5-integrin. No differences in ␣5-integrin expression could be detected between ␤-dystroglycan-transfected and untransfected myotubes on the same coverslip (Fig. 6G,H) or between ␤-dystroglycan-and control-transfected myotubes (data not shown). Second, we evaluated our method of immunocytochemical staining for its ability to selectively detect cell-surface epitopes. ␤-Dystroglycantransfected C2 myotubes were fixed and stained with antibodies against an extracellular epitope (anti-HA), antibodies against intracellular epitopes (anti-␤-dystroglycan, anti-light meromyosin, or anti-Ca 2ϩ -ATPase), or secondary antibody alone. Expression of HA-tagged ␤-dystroglycan in C2 myotubes resulted in cellsurface localization indicated by the outline of HA immunoreactivity at the membrane (Fig. 6 F) . Staining for cytoplasmic antigens by this procedure resulted in myotubes that were indistinguishable from control myotubes (Fig. 6 B,D) . Because Transiently transfected COS cells (sham, pCMVDG, or pCMVCD8tmJ; A-C, respectively) were stained live with anti-HA antibody to selectively detect extracellular epitopes (see Materials and Methods). AЈ-CЈ are the corresponding phase-contrast images. Immunoreactivity observed in B and C demonstrates expression of the proteins at the cell surface with the extracellular N-terminal HA epitope. D, Immunoblot of transfected COS cell lysates probed with the anti-HA antibody. ␤-Dystroglycan and CD8tmJ migrate at an M r of 43,000 and 5000, respectively, consistent with synthesis of full-length proteins. The lower-molecularweight species observed in ␤-dystroglycan-transfected cells is a cleavage product of dystroglycan that has been documented by others (Marchand et al., 2001 AChRs and dystroglycan are cotransported, we conclude that cell-surface delivery of AChR proceeds in the presence of exogenous ␤-dystroglycan, and that the site of inhibitory action observed is at the plasma membrane. Therefore, this transient expression system enabled us to assess the effects of ␤-dystroglycan expression on agrin-induced AChR clustering.
␤-Dystroglycan has been shown to interact with dystrophin Rentschler et al., 1999) , Grb2 Cavaldesi et al., 1999; Russo et al., 2000) , and caveolin-3 (Sotgia et al., 2000) via the C-terminal PPxY-containing sequence, and to rapsyn (Cartaud et al., 1998) via cytoplasmic sequences closer to the membrane. We were interested in determining whether known binding domains of ␤-dystroglycan were involved in agrin-induced AChR clustering, so we sought to localize the region of ␤-dystroglycan that mediates the inhibitory effect; expression of ␤-dystroglycan with a deletion of the relevant binding site should no longer have resulted in inhibition. Deletion mutants of ␤-dystroglycan were expressed in C2 myotubes, and their effect on agrin-induced AChR clustering was quantified. In these and all subsequent experiments, the HA-tagged version of the CD8 transmembrane domain was used as the control for three reasons. First, in contrast to GFP and the CD8GFP fusion protein, which display significant intracellular signal, this protein displays plasma membrane localization similar to ␤-dystroglycan (Fig. 5C,E, data not shown) . Second, because a common method of detection (i.e., the extracellular HA epitope) could be used for all expressed proteins, quantification could be performed in a blind manner on identically processed coverslips. Third, this construct is similar to our smallest inhibitory dystroglycan construct (see Fig. 1 B and below) . We first asked whether the observed inhibition could be abrogated by expressing a ␤-dystroglycan construct that lacked the C-terminal 15 aa harboring the dystrophin binding site (DG⌬P) (Fig. 1 A) . In this and subsequent experiments, agrin incubation was performed for 5 hr, a time that afforded greater cell viability and, as seen in Figure  7I , yields potent ␤-dystroglycan inhibition of agrin activity. These results demonstrate that the effects of dystroglycan expres- sion are apparent with short-duration agrin treatments (5 hr ␤-dystroglycan is the same as that observed after 16 hr), and that the effect is not dependent on the C-terminal 15 aa of ␤-dystroglycan (DG⌬P) (Fig. 7I ) .
Previous reports suggested that the interaction of dystrophin family proteins with the C terminus of ␤-dystroglycan serves to stabilize large aggregates of microclusters (Phillips et al., 1993; Grady et al., 2000) . Thus, our dystroglycan construct might be expected to result in an increase in microclusters by inhibiting dystroglycan-dystrophin interactions. We therefore quantified the frequency of agrin-induced clusters of Ͻ1 m in controltransfected (CD8tm) and ␤-dystroglycan-transfected (with and without the C-terminal binding site; dystroglycan and DG⌬P) myotubes. As shown in Figure 3 , agrin-induced formation of clusters was inhibited by dystroglycan and DG⌬P relative to control CD8tm, whereas the number of microclusters per myotube segment was not different between myotubes transfected with the dystroglycan variants and controls (Fig. 3E) . This experiment supports the notion that ␤-dystroglycan-mediated inhibition of agrin activity reflects more than dystrophin/utrophin binding to the C terminus of dystroglycan.
The inhibitory effects of ␤-dystroglycan were also probed by expressing variants of ␤-dystroglycan with larger deletions. All constructs were synthesized and expressed at the plasma membrane in COS cells as well as in C2 myotubes (Figs. 4, 7) . Their apparent molecular weights, assessed by SDS-PAGE, were consistent with faithful synthesis of full-length proteins (Fig. 7I, inset) . The mutants tested were gross deletions of the cytoplasmic domain, the ectodomain, or both the cytoplasmic and ectodomain of ␤-dystroglycan (DGtmO, DGtmI, and DGtmJ, respectively) (Fig. 1) . As seen in Figure 7I , all of these truncated proteins were effective in inhibiting agrin-induced AChR clustering. The inhibition by the DGtmJ variant is specific given the lack of effect produced by the equivalent CD8tmJ construct (Figs. 1 B, 7I ) . Therefore, either the transmembrane or membrane-adjacent sequences of ␤-dystroglycan make functionally important contributions to agrin-induced AChR cluster formation.
Inspection of the C termini of the cytoplasmic deletions, DGtmO and DGtmJ, revealed that the juxtamembrane amino acid sequence, RKKRKG, was retained in these constructs (Fig.  1 B) . Charged juxtamembrane residues are believed to play a role in the orientation and targeting of transmembrane domains (Andrews et al., 1992; Wahlberg and Spiess, 1997) and were included for this reason. However, the juxtamembrane region of dystroglycan has been identified as a weak site of interaction with dystrophin (Rentschler et al., 1999) and utrophin (James et al., 2000) in a membrane-bound peptide binding assay, as well as DP116 in in vitro pull-down assays (Saito et al., 1999) . The defined binding site corresponds to our juxtamembrane domain (Fig. 1 B) with an additional C-terminal lysine residue (Fig. 8 A) . Therefore, additional deletions and a chimera were created to assess whether this sequence contributed to the inhibitory effect ( Fig. 1 B and CD8tmDGJK in Fig. 8 A) . As seen in Figure 9 , deletion of the KRKG sequence (DGtm) resulted in a loss of inhibition; the effect of DGtm expression is indistinguishable from control proteins (CD8tm and CD8tmJ). In contrast, replacement of the corresponding juxtamembrane region of CD8 with the ␤-dystroglycan juxtamembrane sequence (CD8tmDGJ and CD8tmDGJK) conferred inhibitory activity on the chimeric CD8 transmembrane construct (Fig. 9E-G) . Together, these results demonstrate a functional activity of the membrane proximal amino acid sequence, ICYRKKRKGK, within the cytoplasmic domain of ␤-dystroglycan.
Juxtamembrane domains, either extracellular or intracellular, mediate a variety of protein-protein and protein-lipid interactions. For example, the juxtamembrane region of tyrosine kinase A has an Shc binding motif that is responsible for activation of Ras (Yoon et al., 1997) ; the juxtamembrane domain of the human epidermal growth factor receptor contains a positive basolateral-sorting determinant (Hobert and Carlin, 1995) ; and juxtamembrane regions of CD44, CD43, and intercellular adhesion molecule-2 (ICAM-2) harbor binding sites for ezrin/radixin/moesin (ERM) family proteins (Legg and Isacke, 1998; Yonemura et al., 1998) . In addition, these short membrane proximal regions often contain amino acids that are capable of posttranslational modification that can be functionally important (see Discussion). Our working hypothesis is that the juxtamembrane region of ␤-dystroglycan encodes localization information or confers specific molecular recognition that allows this domain to compete for function with endogenous dystroglycan because of either (1) post-translational modification of the cysteine or tyrosine residues or (2) protein-protein or protein-lipid interactions. As a step toward distinguishing among these possibilities, we generated point mutations to assess the contribution of individual amino acids in the juxtamembrane domain to inhibition of agrin-induced AChR clustering (Fig. 8 A) . As shown in Figure 8 H, chimeric mutants with arginine or lysine residues replaced by alanines (CD8tmDGJ2RA and CD8tmDGJ3KA, respectively) resulted in a loss of inhibition and are statistically indistinguishable from the control CD8tmJ, whereas the mutant with cysteine and tyrosine replaced by serine and phenylalanine (CD8tmDGJCYSF) retained inhibitory activity. Thus, the inhibitory mechanism of ␤-dystroglycan partly depends on the basic amino acid residues RKKRK of the juxtamembrane region, whereas potential post-translational modifications of the cysteine and tyrosine residues are unlikely to be contributing factors. The inhibitory effects of ␤-dystroglycan are presumed to reflect activity at the cell surface, because our assay detects only cell-surface exogenous protein. To rule out the possibility that some of our constructs act by inhibiting delivery of components to the cell surface, we compared the total levels of expression of our mutants as well as their level of cell-surface expression. All of the ␤-dystroglycan constructs and CD8 constructs had similar levels of expression as determined by Western blotting of transfected COS cells (Fig. 2 and see also Fig. 4 D, insets, Figs. 7I, 8H,  9G) . Furthermore, quantification of the anti-HA cell-surface labeling revealed no statistically significant differences among the proteins when expressed in myotubes ( p Ͼ 0.05; Student's t test; see Materials and Methods). Although we are unable to directly assess the total level of gene gun-mediated protein expression in myotubes because of the low frequency of transfection, the consistent levels of protein expression in COS cells, together with their equivalent levels of cell-surface expression in myotubes, argue against differences in protein trafficking between mutant proteins in myotubes.
The above experiments used the smallest agrin fragment with maximal AChR clustering activity; it contains four EGF-like domains and three laminin-like globular domains (G-domains). Deletion studies have demonstrated that the minimal agrin fragment that retains AChR clustering activity corresponds to the C-terminal (third) G-domain (Gesemann et al., 1995; Cornish et al., 1999) . Because the first and second G-domains are believed to constitute the ␣-dystroglycan binding sites in agrin (Campanelli et al., 1996; Hopf and Hoch, 1996) , we wondered whether the inhibitory effect of ␤-dystroglycan expression was specific to those agrin fragments that were capable of binding ␣-dystroglycan. Myotubes expressing ␤-dystroglycan or a control protein were challenged with the minimally active agrin fragment G3(8) (Cornish et al., 1999) . As shown in Figure 10 , ␤-dystroglycan expression results in inhibition of even this minimal, non-dystroglycan-binding agrin fragment. These results suggest that the cellular process inhibited by ␤-dystroglycan expression is common to the mechanism of clustering used by all neural agrin isoforms.
Discussion
We have demonstrated that ␤-dystroglycan can be expressed at the cell surface in the absence of coexpressed ␣-dystroglycan, and that expression of ␤-dystroglycan in cultured myotubes interferes with agrin-induced AChR clustering. Our results are consistent with previous findings that dystroglycan is involved in postsynaptic NMJ differentiation, but more importantly, our results define a region of ␤-dystroglycan that mediates interactions required for agrin-induced AChR clustering. We were surprised to find that deletion of the cytoplasmic dystrophin/utrophin/ Grb2/caveolin binding sites did not relieve inhibition, which implies that these interactions are not required for dystroglycan function in AChR clustering. However, although our results demonstrate that the juxtamembrane region confers an inhibitory phenotype, the data cannot rule out the possibility that contributions are made by other cytoplasmic sequences; additional important interactions could be downstream or in parallel with juxtamembrane-mediated interactions. The potential nature of the juxtamembrane-mediated interaction as well as the relationship of our results to previous investigations of dystroglycan involvement in agrin activity is discussed below.
Experiments with myotubes derived from dystroglycan null cells reveal that although AChR clustering is profoundly altered, it can proceed in response to agrin (Grady et al., 2000) . At least two possibilities could explain the apparent discrepancy between inhibition mediated by ␤-dystroglycan variants and cluster formation observed in dystroglycan null cells. First, most of our experiments have not included an analysis of clusters that are Ͻ1 m in the largest dimension. The short time frame of the majority of our experiments (5 hr of agrin treatment) (Figs. 3, 7-9 ) may be insufficient for consolidation of microaggregates observed in dystroglycan null myotubes. However, even with longer incubations (16 hr of agrin treatment) (Figs. 5, 10) , we still observed the inhibitory effect of ␤-dystroglycan expression, and our analysis of small AChR puncta (Fig. 3 ) reveals no alterations in microcluster numbers. These observations suggest that differences in analysis cannot explain the apparent contradiction of our results with previous work. Second, these experimental approaches differ significantly: removal of a protein versus introduction of truncated forms of a protein into the wild-type background. When a protein is deleted, it is possible for alternative pathways to perform the functions of the missing protein. When truncated forms are introduced, as in the present study, these variants reveal inhibition, because they engage only a subset of their binding partners that are required for function (i.e., cytosolic components but not ECM ligands). We favor this latter explanation: ␤-dystroglycan and its variants act in a dominant negative manner.
A previous study demonstrated that overexpression of fulllength dystroglycan in Xenopus muscle in vivo resulted in a decrease in synaptic AChR density (Heathcote et al., 2000) . The interpretation favored by these authors was that inhibition occurred by an indirect effect of ␣-dystroglycan binding to agrin, limiting its ability to interact productively, or at the correct location, with other important agrin-binding proteins. Our findings are consistent with this mechanism of inhibition for full-length dystroglycan. However, the inhibition demonstrated in the present work is mediated by ␤-dystroglycan sequences and is not limited to those fragments of agrin that bind ␣-dystroglycan. Therefore, we hypothesize that the juxtamembrane region of dystroglycan is involved in an interaction that is integral to the formation of postsynaptic membrane specializations in response to neural agrin.
What is the nature of the interaction mediated by the juxtamembrane basic region of ␤-dystroglycan? At least two scenarios are possible, and these are not mutually exclusive; this domain may mediate protein-protein or protein-lipid interactions. Previous findings are consistent with the notion that the juxtamembrane domain mediates protein-protein interactions. First, a membrane proximal interaction between ␤-dystroglycan and rapsyn has been documented. However, this interaction localizes to more C-terminal sequences in ␤-dystroglycan and is believed to involve a proline-rich region (Cartaud et al., 1998; Bartoli et al., 2001) . Second, the juxtamembrane region of ␤-dystroglycan has been shown to bind dystrophin family proteins containing WW-hand and EF-hand domains [dystrophin, utrophin, and DP116 (Rentschler et al., 1999; Saito et al., 1999; James et al., 2000) ]. Therefore, the dominant-negative effect may result from binding to one of these proteins in the absence of binding to ECM ligands. Alternatively, because the interaction between dystrophin family proteins and the juxtamembrane region of dystroglycan is less robust than the interaction of these proteins with the ␤-dystroglycan C-terminal PPxY motif, it is possible that additional proteins interact with the juxtamembrane region of dystroglycan. It is interesting that juxtamembrane regions of CD44, CD43, and ICAM-2 have been shown to harbor binding sites for ERM family proteins (Legg and Isacke, 1998; Yonemura et al., 1998) that are involved in cortical actin organization and interaction between Factin and specific membrane proteins (Bretscher et al., 2000) . The involvement of Rac and Cdc42 (Weston et al., 2000) as well as actin dynamics (Dai et al., 2000) in agrin-induced AChR clustering make an interaction between ␤-dystroglycan and F-actin linker proteins worthy of future investigation.
Several different observations suggest that the basic juxtamembrane domain of ␤-dystroglycan could mediate protein-lipid interactions. Basic amino acid sequences have been shown in several contexts to interact specifically with phosphatidylinositol head groups (Ben-Tal et al., 1996; Yonemura et al., 1998; Rohatgi et al., 2000) . The interaction between phosphatidylinositol-3-phosphate and the FYVE membrane targeting domain of Vps27p is mediated by a basic pocket formed by an (R/K)(R/K) HHCR sequence (Misra and Hurley, 1999) . Although this well characterized phospholipid binding domain is found in soluble proteins and is believed to enable recruitment of these proteins to the membrane, interactions of transmembrane proteins with phospholipids have been documented; syndecan-4 (Couchman and Woods, 1999) and ICAM-2 (Heiska et al., 1998) bind phosphatidylinositol-(4,5) bisphosphate via their juxtamembrane sequences. In these cases, functions other than membrane recruitment are likely, in that membrane protein-lipid interactions could serve to modulate the lipid environment or enable responses to changes in this environment. For example, specific phospholipids may concentrate proteins at sites of the cell membrane in response to local phopholipid kinase activation, as has been demonstrated in polarized pollen tube growth (Kost et al., 1999) and eukaryotic chemotaxis (Comer and Parent, 2002) . Thus, the juxtamembrane sequence of dystroglycan could serve to localize dystroglycan to subdomains of the plasma membrane by interaction with specific phospholipids.
An alternative interaction between dystroglycan and specific lipids is suggested by the presence of a juxtamembrane cysteine residue. Several proteins with transmembrane domains have also been demonstrated to be acylated, including p75LNGFR (Barker et al., 1994) , CD39 (Koziak et al., 2000) , stomatin (Snyers et al., 1999) , neurofascin (Ren and Bennett, 1998) , and the transmembrane protein linker for activation of T cells (LAT) (Zhang et al., 1998 (Zhang et al., , 1999 Harder and Kuhn, 2000) . In p75 and neurofascin, the role of palmitoylation is unknown, although palmitoylation of stomatin and CD39 is proposed to play a role in oligomerization and targeting of these membrane proteins to caveolea. LAT acylation targets LAT to membrane microdomains (rafts), a localization that is suggested to be functionally important for T cell receptor signal transduction (Zhang et al., 1998 (Zhang et al., , 1999 Harder and Kuhn, 2000) . It has been suggested recently that agrin-induced AChR clustering may proceed through a mechanism that is shared with T cell function; it is interesting that both may involve agrin as well as the organization of signal transduction complexes in raft domains (Khan et al., 2001 ). The ␤-dystroglycan juxtamembrane domain could serve as a site of palmitoylation that would target dystroglycan to membrane domains involved in AChR cluster organization. Although our point mutagenesis data suggest that this type of modification is not absolutely required for agrin activity, we cannot rule out the possibility that dystroglycan becomes acylated while performing other cellular functions.
Available evidence is consistent with the following model for postsynaptic muscle-cell differentiation. Agrin acts through MuSK to initiates a series of events that include rapsyn and an Src-family kinase to prime cluster formation; dystroglycanmediated events are then required for clusters to obtain or maintain their mature form. Our results leave open the question of how ␤-dystroglycan acts, but we favor the idea that the inhibitory effect of ␤-dystroglycan is attributable to the absence of an associated ␣-dystroglycan, the ECM binding subunit. However, although ␣-dystroglycan binds agrin directly, we found that activity of an agrin construct lacking dystroglycan binding domains is inhibited. This suggests that ␣-dystroglycan binding to ECM proteins in general, rather than to agrin specifically, is important for AChR clustering, and in addition, that these interactions must be coordinated with an intracellular interaction mediated by the juxtamembrane domain. It will now be informative to characterize the interactions mediated by this region of ␤-dystroglycan and to assess the contributions of the juxtamembrane domain to the other critical roles of dystroglycan outside the context of the synapse.
